Although bone marrow (BM) is the main site of NK cell development in adult mice, recent studies have identified a distinct thymic-dependent NK pathway, implicating a possible close link between NK and T cell development in adult hematopoiesis. To investigate whether a potential NK/T lineage restriction of multipotent progenitors might take place already in the BM, we tested the full lineage potentials of NK cell progenitors (NKPs) in adult BM.
Introduction
All blood cell lineages are derived from hematopoietic stem cells (HSCs) that reside in the adult bone marrow (BM) 1 . Lineage commitment, or restriction, is the process by which a multipotent stem or progenitor cell becomes increasingly restricted in its lineage potentials, to ultimately develop into a fully committed progenitor of a single cell lineage. The characterization of lineage restricted progenitors represents an important step towards a better understanding of the cellular pathways and molecular regulation of lineage commitment of the different hematopoietic lineages. Decades of extensive research has provided solid evidence that the lineage restriction process from multipotent HSCs to lineage committed progenitors occurs as a stepwise process, however the cellular pathways by which lymphoid lineage restriction occurs, remain the subject of debate and continued investigation [1] [2] [3] [4] . This of particular interest for the T cell lineages, in which it remains unclear which stages of lineage restriction occurs in the BM and subsequently in the thymus [5] [6] [7] .
The recently identified lymphoid primed multipotent progenitor (LMPP) that lacks erythroid/megakaryoctyte potentials, but maintains combined lymphoid and granulocytemonocyte potentials 8 , and the common lymphoid progenitor (CLP) 9 represent lymphomyeloid and lymphoid restricted candidate thymus seeding progenitors in adult BM. Both of these are however shared progenitors between the T and B cell lineages, of which the B cell commitment is finalized in the BM, whereas the final stages of T cell commitment are thought to take place predominantly or exclusively in the thymus 5, 7, 10, 11 . Thus, and important question, is whether there in adult BM also occurs lineage restriction towards bi-potent progenitors with combined lineage potentials for T cells and other lineages thought to be derived in part in the thymus.
Natural killer (NK) cells, large granular lymphocytes, a lymphoid lineage distinct from B and T cells, are major components of innate immunity and play an important role in
For personal use only. on October 31, 2017 . by guest www.bloodjournal.org From eliminating tumor cells as well as in the defense against viral infections 12, 13 . Despite of significant progress in understanding NK cell biology, the early stages of NK lineage commitment from multipotent progenitors remain unclear. In adult mice and man, BM is the main site of NK cell development [14] [15] [16] , however recent studies have demonstrated the existence of another distinct thymic dependent adult NK cell developmental pathway 17 . The finding that in adult mice T cells as well as a fraction of NK cells are generated in the thymus implicates a possible close link between T and NK cell development however, the source of thymic NK cells remains unknown 17 .
Studies supporting the existence of bi-potent NK/T progenitors during early development support the pre-thymic restriction of thymus seeding progenitors during development, but the existence and location of NK/T lineage restricted progenitors as a lineage commitment step in adult hematopoiesis, have yet to be identified [18] [19] [20] .
A candidate NK lineage restricted progenitor (NKP) has been identified in adult 
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-cells lack B and myeloid cell potential, they sustain a combined NK and T cell potential in vivo, and in vitro at the single cell level. These BM bi-potent NK/T cell progenitors can generate both thymic and BM-dependent NK cells, through Notchindependent mechanisms, whereas their T cell generation is strictly Notch-dependent. Taken together our data demonstrates the existence of bi-potent NK/T progenitors in adult BM providing direct evidence for NK/T lineage restriction taking place pre-thymically in adult BM.
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Material and Methods:
Mouse strains C57BL/6 mice were used at 6-10 weeks of age for isolation of thymic progenitors and 10-12 week old mice were used for purification of bone marrow and thymic progenitors. Mice deficient in Il2rg expression 22, 23 purchased from Jackson Laboratory were used as recipients in transplantation experiments. Genotyping was performed by PCR on genomic DNA derived from the tails 22 and C57BL/6 mice were used as wild type (WT) controls and sorting in all experiments. All mice were maintained under specific pathogen-free conditions at Lund University Animal Facility. The Ethical Committee at Lund University approved all performed experiments. Tissues were collected as previously described 24, 25 .
mAbs, flow cytometry and cell sorting
Before staining single cell suspensions with Abs against specific surface markers, Fc receptors were blocked by incubation with 2.4G2 (anti-FcRIII). All antibodies were from BD Bioscience unless otherwise indicated. mAbs (conjugated with different fluorochromes) used to stain cell surface Ags were: B220 (RA3-6B2), CD19 (1D3), KIT (2B8), SCA-1 (E13- 
OP9 and OP9-DL1 cultures
The OP9 and OP9-DL1 cells were kindly provided by J. C. Zúñiga-Pflücker, and cultures were carried out as previously described 8, 27 . 
Statistics
All the results were expressed as means (SD). The statistical significances between groups were determined using the Student t test. reconstitution, neither in the PB (Figure 2A and C) , in the spleen, nor in the BM ( Figure 2E and Supplementary Figure 3 ). 34 and that high levels of IL-7 block T cell generation 35, 36 . Therefore, IL-7 was excluded from the medium and the time of the culture was extended to 21 days based on previous studies 27 . In addition, T cell potential was in agreement with previous studies 37 most of them also co-expressing TCRβ) ( Figure 3A as it has been shown that Ptcra expression is down-regulated at the DN4-ISP transition 38 .
Thus the cells that show expression of Cd3e but lack Ptcra probably had already reached the later stage. Figure 5) .
Taken together these data demonstrate that BM as well as tNK cells can be efficiently generated from BM NKPs as well as ETPs, and their generation depends on the presence of specific cytokines, implicated to be key regulators of NK cell development 14, 15, 24, 29, 30 .
Role of Notch in generation of thymic and bone marrow dependent NK cells
Whereas Notch signaling is critical for T cell development 40 Approximately 40% of single NKPs generated clones irrespectively of the expression of DL1
or not, and also the contribution towards the generation of BM-dependent NK cells was Notch-independent ( Figure 5A and B For
Discussion
The present studies investigated and established several important and novel aspects of NK cell lineage restriction and development. Although there is strong evidence that the lineage commitment of HSCs occurs as a stepwise process, the cellular pathways and restriction sites to generate bi-potent and uni-potent progenitors of lymphoid lineages remain the subject of debate and investigation [1] [2] [3] [4] . Of relevance for our studies, it has remained an unresolved question whether adult multipotent hematopoietic progenitors become NK/T cell lineage restricted already in the BM or in the thymus 5, 6 . In the present studies, using highly sensitive and specific assays, down to the single cell level, we demonstrate that whereas adult BM Lin Although it has been previously suggested that the BM Lin -CD122 potential, might be explained by the fact that we have used the OP9DL1 stroma culture assay that allows detection of the T cell potential with very high efficiency at the single cell level 8, 27 , when compared to the FTOC used in previous studies 21 . In addition, the use of more optimal cytokine combinations, promoting both NK and T cell development from Lin Separate studies using the CD1d-deficient mice will help to conclusively establish whether CD1d-restricted NK T cells can be generated from NKPs and to address the developmental relationship between NK and NK T cells.
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The identification of bi-potent NK/T cell progenitors in adult BM demonstrate that this pre-thymic lineage restriction is not unique during development but remains an important lineage restriction point in adult BM hematopoiesis [18] [19] [20] .
The recent finding that in adult mice a distinct population of NK cells is produced by a thymic dependent pathway is also compatible with the pre-thymic lineage restriction of bipotent NK/T cell progenitors, although the identity of the progenitors capable of producing thymic NK cells has not been established 17 . and might also be generated in secondary lymphoid tissues, for example in the lymph nodes, before they re-enter the thymus. In addition, a fraction of γδ T cells co-express NK1.1 and IL-7Rα and these "NK-like γδ T cells" highly resemble the thymic NK cell phenotype 45 .
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